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INTRODUCTION
Evidence collected during the past thirty years has proved that the
adrenal cortex possesses the capacity to regenerate following ablation
or damage.
Addition of cortical hormones inhibit regeneration of the adrenal
cortex by eliminating the stimulus necessary for maintenance of the
steady state. The synthesis of cortical hormones is generally conceived
to begin with raw products below the level of the steroids. If steroids
can be directly converted to cortical hormones, the energy eaqpenditure
necessary for synthesis should be less than that required when slnple raw
products are utilized. If this assunptlon is true, then the stimulus for
regeneration of the adrenal cortex should be less if steroids are sup¬
plied than if synthesis must begin with sinplest building elen^nts.
To test this hypothesis in these experiments, testosterone propionate,
a steroid, was provided adrenally enucleated rats to study its effect upon
regeneration of the cortex.
The results of these investigations and their significance follow.
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REVIM OF LITERATURE
The manmalian adrenal is a eonpound endocrine gland. By nacroecopi-
eally examining an unstained section of the gland it is possible to dis¬
tinguish two parts, the cortex and medulla. The cortical layer appears
yellowish because of ab\mdant lipoid, whereas the medulla has a reddish-
brown coloration due to the presence of much blood in the medullary Teins
(Turner, •49)«
The cells of the cortex are arranged in three vaguely defined layers:
an outer zona glomerulosa; a middle zona fasciculata, and an inner zona
reticularis. The cortical cells in these zones differ somewhat in ar¬
rangement and structiire and the transition from one zone to another is very
gradual (UaxiJiKJW and Bloom, '49)* The zonation of the cortex is due to the
accumulation of cells in various stages of differentiation or postsecretory
degeneration. The cells degenerate continuously in the zona reticularis
and are replaced either by direct differentiation of capsular tissue cells
or by cell divisions in the outer portion of the cortex. That the cortical
Ik
cells differentiate as they are pushed Inwardly seems to be thoroughly es¬
tablished. This concept is based on three facts: (1) the prevalence of mi¬
toses in the outer portion of the cortex; (2) histological evidence of
cellular destruction in the reticular zone, and (3) the degeneration of the
inner cortex in homo transplants euid subsequent restoration from the periph¬
ery (Turner, ’49).
The narrow zona glomerulosa just Inside the capsule, consists of small
colummar cells closely packed in ovoid groiq>s, or in arcs vdilch surmount
the straight cell cords of the zona fasciculata. The free edge of each
cell in most cases adjoins a caplllazy. In man, the nuclei stain deeply
2
3
and the rather scanty cytoplasfli contains irregular cluaps of material that
take nuclear stains* A few tiny lipoid droplets may be found in the glo-
merulosa cells, particularly if the whole cortex is vmusually rich in
lipoid; idien present, the droplets lie between the nucleus and the side of
the cell facing the capillary (Maxlmow and Bloom, '49)*
The zona faselculata constitutes the widest portion of the cortex, and
consists of polyhedral cells which are considerably larger than those of
the zona glomerulosa. The cytoplasm is reduced to narrow threads between
the numerous lipoid drc^lets which are scattered throughout the cell; when
lipoid is dissolved the cell.has a vacuolated cytoplasm. The nuclei are
centrally placed in the cells, and often there are two in one cell. They
are more vesicular than they are in the cells of the zona glomerulosa. In
the outer part, especially in the transition region between the two zones,
mitotic figxures are frequent (Uaxlmow and Bloom, '49)«
In the innermost zones of the cortex, cell cords form anastomosing
networks, hence the name zona reticularis. The cells of the outer part of
this zone differ from the cells of the zona faselculata in that they have
less lipoid content; however, near the medulla they gradiially differenti¬
ate into two distinct new cell types. These have been called “light" and
"dark" cells due to their different staining affinities (Maxlmow and
Bloom, '49)» According to them, the light cells are larger and have
rounded contours, a granular, pale staining cytoplasm and pale vesicular
nuclei. The dark cells are smaller and have deeply staining homogeneous
cytoplasm and shrunken, hyperchromatie nuclei. The dark cells are rich in
lipoid drc^lets and in clumps of yellow or brownish pigment, idille the
light cells contain little of either lipoid or pigment. There are also in
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the zona reticularis a number of cells which appear to be degenerating.
B7 determining the reactions of frozen sections to phenylhydrazine,
semicarbizide and ammoniacal silver solution, it has been demonstrated that
it was possible to Identify the position of acetone and alcohol-soluble
keto compounds, and hence the steroid hormones, within the adrenal cortex
(Bennett, *40). On the basis of these histochemlcal studies it was sug¬
gested that the hormones of the cortex may be secreted by the "spongio-
cytes" of the outer fasciculata. The "spongiocytes” are the cells found
in the transition region of the inner zona reticularis and the outer zona
fasciculata. Since the cells of the cortex differentiate inwardly, the
cells between this secretory zone and the capsule could be regarded as com¬
posed of presecretory elements, whereas the cells between the secretory
zone and the medulla could be regarded as conposed of postsecretory ele¬
ments (Turner, ’49)»
It has been demonstrated that there may exist a functional interrela¬
tionship between the adrenal cortex and the anterior pituitary (Smith, 'l6j
Allen, *17). They found that atrophy of the adrenal cortex of the am¬
phibian was caused by hypophysectomy. More evidence of the existenc.e of a
functional Interrelationship between the adrenal cortex and anterior pitui¬
tary was produced when Smith and Smith (*23) gave Intraperltoneal injec¬
tions of anterior pituitary extracts to hypophysectomized tadpoles and
found that the atrophic cortex was repaired. It was later demonstrated
that hypophysectomy in the rat is followed by atrophy of the adrenal cor¬
tex and that daily implants of pituitary tissue would prevent adrenal
cortical atrophy (Smith, *23).
T^peraan, Engle, and Long (*43), working with rats, found that
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removal of one adrenal is followed by conpensatory hypertrophy of the re¬
maining adrenal but this did not occur in the absence of the anterior pi¬
tuitary. They also pointed out that any type of stress to which labora¬
tory animals were subjected caused adrenal cortical hypertrophy and that
this response was abolished by removal of the anterior pituitary. Studies
on transplanted adrenal tissue revealed that degeneration began immediate¬
ly in the center of the gland and extended peripherally (Ingle and Hig¬
gins, ’38). Within forty-eight hours, the entire gland, except for a
narrow zone of glomerulosa and the capsule, had been destroyed. During
this time, fibrous and vascular connectives were established between the
host and capsule of the graft. Tepperman et. al,. (’43), further-demon¬
strated that transplanted adrenals would not grow in the presence of in¬
tact adrenals, but observed that regeneration would occur when the animal
showed signs of adrenal insufficiency. It was concluded that adrenal
transplants would survive only when there existed a physiological need for
cortical hormones. Exposure of rats to various stresses (Ingle, *38}
Tepperman et. al.. *43) caused the adrenal gland to imdergo hyperplasia
and to presumably become hyperactive. Enlargement of the gland occurred
within six to twenty-four hours after the initiation of a severe stress
(Tepperman et. al.. *43).
Ingle (*38) found that rats during continuous work showed an in¬
crease in adrenal weight after twelve hours. He stated that new proto¬
plasm was apparently being established at an early stage following stimu¬
lation because the increase in adrenal weight could not be entirely ac¬
counted for by the accumulation of water. It was established by Kepler
(*49) that patients with adrenal cortical tumors commonly showed
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extensive atrophy of the contralateral gland. Removal of the hyperfxmc-
tioning tumor in such patients was followed by restoration of the atrophic
cortex to normal functional activity, Ingle (*51), using an apparently
homogeneous form of ACTH, found that six mg* given daily by continuous
subcutaneous injection to normal male rats caused enormous h3rperplasla of
the adrenal cortices* Single adrenal glands weighing to 2S6 mgs* have
been produced*
It was demonstrated that rats subjected to severe stresses such as
expo8\ire to cold, carbon tetrachloride injections, operative trauma, in-
traperitoneal injections of glucose, and administration of crude liver ex¬
tract showed an increase in adrenal activity twenty-four hours after ap¬
plication of the stresses (Bimie and Eversole, *49)* The adrenal weights
of animals injected with crude liver extract showed mean adrenal weights
of 39*1 mgs*, while the untreated controls showed mean adrenal weights of
27*5 mgs. The increase in adrenal weight of forty-two per cent was a sig¬
nificant rise and presumably indicated increased adrenal activity in re¬
sponse to stress-(Bimie and Eversole, ’50).
Swann ('40) atteii;>ted to explain the survival of hypohysectomized
animals by postulating that ACTH is limited in its regulatory activity to
the production of those cortical steroids concerned with protein and car¬
bohydrate metabolism and that the steroids involved in sodium retention
are elaborated independently of pituitary action. One of the most con¬
vincing arguments in favor of the concept that there is more than one pi¬
tuitary substance acting on the adrenal was presented by Howard (' 40) when
he concluded that testosterone has a more specific damaging effect upon
the X zone of the mouse adrenal than desoxycortlcosterone acetate. It was
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postulated by Siraiui ('40) and Creep and Deane ('49) that the zona glotneru-
losa functions independently of the anterior pituitary and secretes a hor¬
mone which regulates electrolyte balance. This "autonomy concept" of
adrenal cortical function is poptilar and is accepted by many adrenal in¬
vestigators.
It was demonstrated by Deane, Shaw, and Creep, ('48) that the cytology
of the zona glomerulosa of the hypophysectomized rat can be affected by
the level of sodium, potassium, and chloride in the diet and by the ad¬
ministration of 11-desoxycorticosterone acetate, Histochemical techniques
have a distinct advantage over chemical analyses in their ability to dis¬
tinguish the various zones of the adrenal cortex. The zona glomerulosa,
sudanophilic, fascicular 'and reticular zones may show different degrees
of depletion and accumulation of lipid in response to stress. The dif¬
ferences in response have been used as evidence which has prompted some
investigators to assign specific secretory activities to the individual
zones of the cortex (Sayers, '50),
It was demonstrated by Hechter ('49) in perfusion experiments that
adrenal cortical tissue was capable of transforming certain non-adrenal
steroids into cortical hormone. It was reported in the above study that
testosterone was converted by the adrenal cortex into "Compound F", with
the product being identified by chemical analysis.
MATERIALS AND METHODS
Twenty-«ight female rats (Tale strain) were used in these experiments.
The average weight of the rats was 156 grams; litter mates were used when¬
ever possible. The animals were housed in metal cages with side water
bottle attachments. The animals were fed (Caine's Kruncheons) ad libitum
throughout the course of the ejqjeriment. The control animals were housed
in separate cages from the experimental animals.
In all cases, the operative procedure was similar. Ether anesthesia
was utilized by means of an operating cone held near the nostrils of the
animals. The breathing activity of the animal served as an index of anes¬
thesia; the ether was removed when breathing slowed down. The hair of the
animal was closely clipped with scissors along the dorso-lateral nargin of
the body. A lengthwise incision about three-fourths of an inch was made
in the skin in the region of the dorso-lateral line at the level of the
last rib. The superficial fascia was spread sidewise, after which a small
cut was made in the muscle on the right side in the region just over the
adrenal at the anterior end of the kidney. The adrenal was then removed
and weighed on a Roller Smith precision balance. The extirpated gland was
then fixed in Bouln's fluid. The muscle was sutured with cotton thread.
It is necessary to exercise extreme care in removing the gland, since it
joins the vena cava on the right side. The incision in the skin was
closed with metal wound clips. The adrenal gland on the left side is lo¬
cated nearer the mid-dorsal line and is more spatially separated from the
kidney than the gland on the right side. Therefore, the left adrenal was
enucleated. The process of enucleation was facilitated by lifting the in¬
tact gland from its location along with its adhering fat with the back of
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a pair of curved foi*ceps. It was then squeezed xmtil the innermost por¬
tion was forced con^letely out of the capsule. The wound was then sutured
and clipped. Each animal was weighed immediately after the operation.
The control animals were injected dally with 0,2 cc peanut oil and
the experimental animals were injected with 0,2 cc testosterone propionate
in sesame oil (Schering's QRETONE), The animals were observed for ei^t-
een days. During this time they were injected and weighed daily. When
the desired interval expired the animals were sacrificed; the adrenal
gland (left side) was removed, weighed, dropped in Bouins fixative, sec¬
tioned at ten microns, stained with Delafield's hematojqrlin and covmter-
stalned with eosln, A detailed description of the process may be found in
the work of Guyer ('49).
£]SPl!;RmNTA.L RESULTS
Daily Injections of 0.2 cc testosterone propionate for eighteen days
presumably caused the enucleated adrenal to become atrophic. At the out¬
set of the experiments the average adrenal weight of the animals was 20.42
mgs. When the animals were sacrificed the average weight was 19 mgs. The
decrease in adrenal weight of 1.42 mgs, serves as an indication of hypo¬
plasia (Table 1). A decrease in adrenal weights was observed in imsre than
ninety per cent of the cases (Table 1) while an increase in body weight was
observed in all of the cases (Table 2).
Unlike the testosterone treated animals, the rats which received daily
injections of 0.2 cc peanut oil showed increases in both adrenal weights
(Table 1) and body weights (Table 2). In many cases the gain in adrenal
weight was from 2-3 mgs., while the average adrenal weight gain was 4.22
mgs. (Table 1).
The body weights of the animals which received testosterone as com¬
pared with the animals which received peanut oil were significant in that
fifty per cent of the testosterone treated €ua.imals showed a mean weight
gain greater than that of the peanut oil treated animals (Table 2),
A comparative histological study of the regenerated glands presented
structural alterations that are worthy of attention. Proliferations of
cortical cells was prominent within the capsule and zona glomerulosa
(Plate 1, fig. 1). In many cases cortical cells similar to those of the
glomerulosa were found interspersed within the zona fasciculate (Plate 1,
fig. 2). The cells of the zona fasclculata were larger than those of the
glomerulosa and in many instances evidence of glandular activity was ap¬
parent (Plate 2, fig, 1). The cells of the zona reticularis were markedly
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vacuolated in the animals injected with peanut oil, while the cells of the
test animals seemed to be approaching a state of degeneration. The vacuo-
l&ted, pale staining cytoplasm, and the not infrequent signs of nuclear
disintegration, lend support to the above observation (Plate 2, fig. 2).
The size of the cells in the testosterone treated animals appeared larger
than those of the control animals. The differences in cellular structure
were not confined to any particular zone of the cortex. However, the
most striking differences were observed in the cn'ea of the zona glomeru-
losa (Plate 3, fig. 1).
One of the cases merits particular attention. During the initial
stages of the investigation (October, 1951), & rat in the first stages of
t>regnancy was 4drenally enucleated and subjected to experimental con¬
ditions similar to those of the other animals reported in this paper. The
testosterone injections were discontinued after the eighth day and the
animal gave birth to a litter of five apparently healthy rata. The same
animal was bred again three months later and gave birth to a litter of
eight rats. It may be concluded that testosterone injections, in the
amount given in this paper, had no demonstrable effect on the birth pro¬
cesses of the rat
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18.0 .50 20.0 20.0 0.0
26,0
#
25.0 1.0 34.0 38.0 4.0
30,0 28.0 2.0 42.0 44.0 2.0
34.0 32.0 2.0 36.0 38.0 2.0
30.0 27.0 3.0 32.0 33.0 1.0
16.0 11.0 5.0 . 14.0 18.0 4.0
16.0 10.0 6.0 13.0 18.0 5.0
16.0 10.0 6.0 26.0 9.0» 17.0
20.0 19.0 1.0 18.0 19.0 1.0
16.0 U.O 2.0 18.0 20.0 2.0
15.0 U.O 1.0 18.0 20.0 2.0
18.0 18.0 0.0 22.0 28.0 6.0
12.0 lO.O 2.0 18.0 20.0 2.6
Mean 20.0 18.0 23.64 24.93
Group A - Adrenal weights at the time of operation.
Group B - Adrenal weights at the time of necropsy.
Group C Adrenal weight differences
^It is possible that the gland was macerated during the process of











A B C A B C
162 204 42 164 192 28
163 193 30 157 185 28
205 217 12 196 210 14
175 . 212 . 37 187 227 40
193 220 27 190 222
190 204 14 . 175 234 59
150 157 7 U8 153 5
156 170 -14 U2 155
139 U9 10 149 166 17
151 170 19 156 170 14
U6 166 20 175 188
U4 162 18 156 -174 18
U2 159 17 166 171 5
130 149 19 158 170 12
160.42 180.85 156.50 186.92
rerage 20.43 28.42
Group A - Weight of animal at the time of operation,
Group B - Weight of animal at the time of necropsy.
Group C - Weight differences.
DISCUSSION
The results of this stuc^y provide further evidence that regeneration
of the adrenal cortex will occur from capsular tissue. This is in agree¬
ment with the original observations of Ingle and Higgins ('38). That the
extent of regeneration is determined in no small measure by the size of the
remnant left at the time of enucleation, is highly significant in that no
method of quantitating the gland unequivocally is known (Ingle and Higgins,
*39).
Following the administration of testosterone propionate, there oc¬
curred a retardation of adrenal regeneration as indicated by the weight of
the glands. It has been proposed that regeneration of the adrenal cortex
is related to a physiological need for cortical hormones and is apparently
controlled specifically by the adrenocorticotropic hormone of the anterior
pituitary (Ingle, *51). That the animals treated with testosterone are not
suffering from a deficiency of cortical horn»nes, is Indicated by the fact
that fifty per cent of these animals showed a mean weight gain greater than
that of the animals treated with peanut oil (Table 2). It is well estab¬
lished (Swingle and Remington, *44) that weight loss is a chai^cteristic
feature of adrenal insufficiency. In oarefxilly controlled metabolic ex¬
periments, they obsei^ed that the increase in liver glycogen levels was ac¬
companied by an increase in urinary nitrogen excretion} the ratio of extra
carbohydrate formed to extra nitrogen eliminated indicated that the glyco¬
gen increment could be entirely explained by a conversion of endogenous
protein stores to carbohydrate. Coincident with the increase in nitrogen
output, there was a daily fall in body weight, without a comparable in¬
crease in metabolic rate.
lU
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Recently it has been demonstrated (Hechter, ’49) that adrenal cortical
tissue is capable of transforming certain non-adrenal steroids into cor¬
tical hormone. He fovind that testosterone was converted by the adrenal in¬
to "Compoimd F", If these observations are valid it can be asstimed that
the regenerating adrenal glands are converting the administered testos¬
terone into cortical hormone. Further, if the transformation taking place
in the stu^y is of comparable magnitude to that obtained by Hechter (’49),
the amount of available “Compound F" would be greater than that required
to maintain the animals in good health. As the size of the adrenals de¬
pends upon the physiological need of the animal (Bimie and Eversole, ’50;
Ingle, ’51), the presence of excess cortical hormone would lead to a reduc¬
tion in adrenal size (Sayers and Sayers, ’4S), While it is not definitely
established that this is the mechanism responsible for retardation of re¬
generation in animals treated with testosterone, it is nevertheless a most
inviting hypothesis.
Additional evidence of metabolic alterations in the adrenals of ani¬
mals treated with testosterone is provided by changes in cellular struc¬
ture, The larger size of cells in glands of animals receiving testosterone
propionate sxiggests an increase in secretory activity. The histological
picture presented by these glands is not tinlike that observed by Ingle
(’51) following the continuous injection of ACTH, The size of the cells
of the adrenal cortex after the administration of testosterone propionate
must be interpreted with caution until a better unddrstanding is gained
regarding the functional activity of these glands.
SUmHI AND CONCLUSIONS
1. Animals having one adrenal coir5)letely removed and one enucleated
can regenerate cortical tissue from the capsular remnant.
2. Animals given daily injections of 0.2 cc testosterone propionate
in sesame oil did not regenerate glands as large as the original adrenals.
3* Animals given daily injections of peanut oil regenerated glands
with greater weights than aninals injected with testosterone.
4. Bvldence is presented which shows that a rat in the first stages
of pregnancy can give birth to normal litters following intraperitoneal
injections of testosterone.
5* Animals having one adrenal enucleated and the contralateral gland
removed and injected daily with 0.2 cc testosterone propionate showed
steady body weight increases.
6. Fifty per cent of the testosterone treated animals showed weight
Increases greater than animals treated with peanut oil.
7. A hypothesis is presented regarding the mechanism responsible for
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Fig, 1, Enucleated adrenal gland showing cellular proliferations
from capsule, X 7040,-
Fig, 2. Enucleated adrenal glahd showing cortical zonation and
demeduUated area. Ccrtical cells similar to cells of
the zona glomerulosa may be found interspersed within the








Fig, 1. Enucleated adrenal gland showing glandular cells of the
zona fasciculata (lower ri^t) and cells of the Junction
of the zona glomerulosa and zona fasciculata, X 7040,
Fig, 2, Enucleated adrenal gland showing degenerating glandular
cells of the zona retictjlaris. Central area is demedul-







Fig, 1, Enucleated adrenal gland of rat injected daily with
0.2 cc testosterone propionate for eighteen days. The
cells of the zona glomerulosa are; larger than those of
fig. 2. X 7CMf0.
Fig, 2. Enucleated adrenal gland of rat injected daily with
0.2 cc peanut oil for eighteen days. The cells of the
zona glomerulosa are smaller and are highly vacuolated.
I 7040.
 
